An anchor-shaped geometrical design for a Submerged Entry Nozzle for the slab continuous casting of steel is presented in this work. To evaluate its performance, transient 3D multiphase numerical simulations were carried out using the Computational Fluid Dynamics technique. The performance of the proposed nozzle is numerically compared with that of a conventional cylindrical nozzle. Computer results show that the chance of formation of Karman's vortexes and powder entrapment becomes small for the anchor-shaped SEN.
Introduction
Nowadays, around 95% of the world raw steel is cast by means of the continuous casting process [1] . The quality of the steel slabs is greatly influenced by the fluid flow in the continuous casting mold [2] , and the geometry of the Submerged Entry Nozzle (SEN) is the most important parameter [3] [4] . In the continuous casting mold, mold powder is added in order to prevent heat losses, provide good lubrication, and protect the molten steel from air oxidation. However, sometimes the mold powder is entrapped into the molten steel, and this entrapment deteriorates the quality of the solid steel [5] .
Formation of Karman's vortexes on the meniscus of the mold is promoted by improper designs of the SEN. These vortexes cause powder entrapment and macro inclusions in the steel products [5] - [7] . The design of the SEN aims to minimize instabilities of the free surface to prevent the Karman's vortexes. An elliptic SEN is proposed in [8] . In accordance to their authors, this design reduces the pressure difference around the nozzle, avoiding powder entrapment. In [9] the transient flow inside a bifurcated SEN is physically and numerically studied. It is reported that the flow pattern inside the SEN is periodic in nature. The multiple frequencies are determined from the power spectrum of the numerically generated time series. In [10] , the effect of the configuration parameters of the SEN in the flow field in a slab mold is analyzed by means of water modeling. The design of a swirling-flow SEN is proposed in [11] . Its performance is evaluated through water modeling. This SEN supposedly allows an increase of the casting speed without affecting the surface quality of solidified steel. In [12] it is analyzed the optimization of the molten steel flow in the mold by changes in the port design of the SEN.
An anchor-shaped design for a SEN for the slab continuous casting of steel is pre- 
Design of the Anchor-Shaped SEN
The geometry of the considered two-port anchor-shaped SEN is shown in Figure 1 . 
Mathematical Model
The flow of an isothermal incompressible Newtonian fluid and the mass conservation are represented by the Navier-Stokes equations and the continuity equation [13] . Both equations come from force balances and mass conservation, respectively:
where ρ is the fluid density; u i is the i th component of the fluid velocity u; t is time; x j is j spatial coordinate; p is pressure; and μ eff is the effective fluid viscosity. To maintain the mass balance in the system, the continuity equation 0
Turbulence is simulated by means of the classical two equations K-ε model [14] :
The effective viscosity μ eff of Equation (1) is determined from the expression 
Numerical Solution
To analyze the performance of the conventional and anchor-shaped SEN, transient 3-D two-phase (air, molten steel) isothermal computer simulations were carried out using a time step of 0.001 s. This time step value was determined from numerical experiments, and corresponds to the maximum value which still provides numerical stability. Computer runs of 90 s of integration time were considered to obtain a well developed mol- tetrahedral/hybrid cells. Finally, Figure 6 shows the evolution of the average velocity magnitude in the mold as time proceeds from the beginning of the cast where the molten steel is motionless.
Results and Discussion
This figure was obtained through averaging the molten steel velocity in the mold for different elapsed time intervals. Until 60 s of time has elapsed, the behavior of both SEN is analogous. However, from this time the anchor-shaped SEN presents a lower average 
Conclusions
An anchor-shaped Submerged Entry Nozzle design for the continuous casting of steel was proposed in this work. The performance of this nozzle was numerically compared with the performance of a conventional cylindrical nozzle. From the computer results, the following conclusions arise:
1) The cylindrical SEN exhibits the deepest depression of the free surface and the largest velocity vectors in the upper section of the mold.
2) The velocity vectors near the free surface in the vicinity of the SEN are greater for the cylindrical SEN than that corresponding to the anchor-shaped SEN.
3) The chance for the formation of Karman's vortexes and powder entrapment becomes small for the anchor-shaped SEN.
